Structural features of the transcriptional activation domain of the herpes simplex virion protein VP16 were examined by oligonucleotide-directed mutagenesis. Extensive mutagenesis at position 442 of the truncated VP16 activation domain (A456), normally occupied by a phenylalanine residue, demonstrated the importance of an aromatic amino acid at that position. On the basis of an alignment of the VP16 sequence surrounding Phe-442 and the sequences of other transcriptional activation domains, we subjected leucine residues at positions 439 and 444 of VP16 to mutagenesis. Results from these experiments suggest that bulky hydrophobic residues flanking Phe-442 also contribute signifucantly to the function of the truncated VP16 activation domain. Restoration of amino acids 457-490 to various Phe-442 mutants partially restored activity. Although the pattern of amino acids surrounding Phe-473 resembles that surrounding Phe-442, mutations of Phe-473 did not dramatically affect activity; in fact, Phe-475 appears more sensitive to mutations than does Phe-473. We infer that the two regions of VP16 (amino acids 413-456 and 457-490) possess unique structural features, although neither is likely to be an amphipathic a-helix or an "acidic blob." These results, considered with previous in vitro activation and inhibition studies, suggest that the two subdomains of VP16 affect transcription by different mechanis.
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The mechanisms that regulate the rate of transcriptional initiation depend in part on factors termed transcriptional activators (1, 2) . Several models have been proposed to explain how activators work. They may function by directly or indirectly contacting a component of the basal transcription complex, thereby speeding up the ordered assembly of that complex at the promoter (1) (2) (3) (4) (5) (6) . Activators could also increase the rate of transcriptional initiation by relieving the inhibition caused by histones, thus allowing the transcription complex to form (7) (8) (9) (10) (11) . A third model posits that activators transform a preinitiation or initiation complex into an elongation complex, allowing transcription to proceed (12) (13) (14) . These models need not be mutually exclusive; in fact, evidence exists for the participation of the transcriptional activation domain of VP16 (a prototypical activator) in several of these mechanisms. Because an understanding of how activators function is crucial to our understanding of transcriptional regulation, we have undertaken a detailed and systematic mutagenesis study of VP16.
VP16 [also known as a-trans-inducing factor (a-TIF) and Vmw65] is the component ofthe herpes simplex virus 1 virion that specifically activates transcription of the viral immediate early (IE) genes (15, 16) . Many transcriptional activator proteins have two domains: one conferring specific association with promoter sequences, usually a DNA-binding domain, and a second domain for regulatory function (1, 2, 17 In the case of VP16, the amino-terminal region of the protein interacts with host cell factors that bind to IE gene promoter elements (18) (19) (20) (21) (22) (23) , while the transcription activation function resides in the carboxyl-terminal 80 amino acids (24) (25) (26) (27) (28) .
Various transcriptional activation domains, including the domain of VP16, are rich in acidic amino acids (29, 30) .
Previous work from our laboratory (31) demonstrated that net negative charge was necessary but not sufficient to account for the strong activation ability of VP16; other elements of protein structure also contributed to the activity. Giniger and Ptashne (32) proposed that acidic activation domains form amphipathic a-helices, and indeed insertion of a potentially helix-breaking proline residue at position 442 ofthe truncated VP16 activation domain (codons 413-456) abolished activity. However, replacing this proline residue with helixcompatible but nonaromatic amino acid residues (Ala, Ser) did not restore activity to the VP16 activation domain. Furthermore, substitution of two prolines simultaneously at positions 432 and 436 within the predicted a-helix also had no effect on activity. Here we report further mutations of VP16 that demonstrate the importance of an aromatic moiety at position 442 and strengthen the suggestion that the activity of this domain does not depend upon an amphipathic a-helix.
After the discovery of the importance of Phe-442, the amino acid sequence of the VP16 activation domain was compared to the sequences ofother transcriptional activation domains. The sequences of several transcriptional activation domains were aligned, using as a guide six bulky hydrophobic residues of the VP16 activation domain (31) . In a number of different types of activation domains, bulky hydrophobic residues are observed at positions that can be aligned with Leu-439 and Leu-444 of VP16, on either side of the critical Phe-442 (see Fig. 1 ). The only direct test of this pattern in another activation domain has recently been reported by Hardwick et al. (33) , who found that this pattern is important for activation by the Rta protein of Epstein-Barr virus. In the work reported herein, these two leucine residues of VP16 were also targeted for mutagenesis; substitution of small hydrophobic or hydrophilic amino acids for either leucine greatly decreased activity. (24) were inserted into M13mpI9 (34) . Oligonucleotide-directed mutagenesis was performed as described (31, 35, 36) . Mutations were identified by dideoxy sequencing (37) , and double-stranded phage DNAs containing the desired mutant VP16 activation domains were harvested. The Sal I/BamHI fragments encoding the altered activation domains were cloned downstream of codons 1-410 by using the expression vector pMSVP16 (24) .
Transient Transfection Assay. Mouse L cells were grown in Dulbecco's modified Eagle's medium (GIBCO) supplemented with 10% fetal calf serum (HyClone). Cells (8 x 105 per 60-mm culture plate) were transfected by DEAE-dextran (38) with an expression plasmid pMSVP16 (50 ng), a reporter plasmid (2 jug of pICP4-tk) containing IE regulatory sequences fused to the body of the herpes simplex virus 1 thymidine kinase (tk) gene (24) , and an internal control plasmid (2 gg of pMSV-tk) (39) . Total RNA was harvested 48 hr after transfection as described (24) .
Primer Extension Assay. A 32P-labeled primer complementary to tk RNA was incubated with each RNA sample. The annealed primer was extended with avian myeloblastoma virus reverse transcriptase (Life Sciences, St. Petersburg, FL). Samples were treated with RNase A at 20 ,ug/ml, extracted with phenol/chloroform, and precipitated. The RNAs expressed from PICP4-tk and PMSV-tk yielded primer extension products of 81 and 55 bases, respectively; these products were separated by electrophoresis on a 9%o acrylamide denaturing gel in 0. (Fig. 2) . No other substitution mutants had an activity greater than 15% relative to wild-type A456 ( Table 1 ). The substitution of bulky hydrophobic residues (Leu, ile, and Met) and the smaller hydrophobic residue Ala reduced activity to 10-15% of A456. All other substitution mutants were no more than 106% active (i.e., equivalent to controls lacking VP16 protein), with the exception of the asparagine substitution (11%). Interestingly, increasing the net negative charge by substitution of acidic residues (Glu, Asp) at position 442 had no positive effect. Immunoblots probed with polyclonal antisera directed against VP16 showed no significant differences in size or stability of the various mutant proteins (data not shown). These results conclusively support the previous suggestion (31) that the aromatic character of amino acid 442 is particularly important and that other hydrophobic residues at this position are less effective but retain some function. indicates Tyr substitution, etc., in the standard one-letter code. Positions ofthe reporter (IE-tk) and internal control primer extension products are indicated. The size and stability ofevery mutant protein reported in this paper were confirmed by Western blotting and immunodetection by anti-VP16 antisera (data not shown).
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Biochemistry: Regier et al. Relative activities are calculated as the ratio of the reporter signal (IE-tk) to the internal control signal, normalized to the activity of wild-type A456. Means and standard deviations were calculated from at least four independent transfections. *Activities previously reported (31) .
Hydrophobic Residues Flanking Phe-442 Also Contribute to Activity. Alignment of the amino acid sequences of several transcriptional activation domains revealed an intriguing pattern of bulky hydrophobic residues (31). In the VP16 activation domain such residues include leucines at positions 439 and 444 flanking (Fig. 1) . To determine if these leucines contribute to the activity of the truncated VP16 activation domain, single amino acid substitutions were made and tested in transient transfection assays. Substitution at either position of a small hydrophobic (Ala) or a hydrophilic residue (Ser) for leucine diminished activity significantly (Fig. 3) . Substitution of another bulky hydrophobic residue (Val) or an aromatic hydrophobic residue (Phe) decreased activity to a lesser extent. A bulky hydrophobic amino acid was perhaps a slightly better substitute than an aromatic hydrophobic amino acid at either position. We conclude that the pattern of hydrophobic residues observed among differ- (Fig. 4) . For example, truncated FA442 activated expression approximately 2-fold (15% of the activity of its truncated parent), whereas full-length FA442 activated expression approximately 9-fold (45% of wild-type full-length VP16). Similarly, the 4-fold activation by the truncated FW442 protein (approximately 35% of A456 activity) was increased to 14- (1993) substitutions that inactivated the proximal subdomain had much less effect on the activity of the distal subdomain (Fig.  5) . Ofthe substitutions at position 473, the proline and alanine substitutions were not significantly less active than leucine or tyrosine substitutions.
Substitutions at position 475 had more pronounced effects. Proline or alanine substitutions decreased activity to approximately 50% of that of full-length FA442, while substitution of bulky hydrophobic residues leucine or valine decreased activity to approximately 80% and 65%, respectively. The substitution of a tyrosine residue had no significant effect on activity. Thus, similar kinds of mutations at corresponding positions in the 442 region and the 473 region differ quantitatively in their effect on VP16 activity. We 439 and 444 revealed that, although these positions are somewhat less sensitive to mutation, hydrophobic residues at these positions also contribute to the activity of the truncated VP16 activation domain. Thus, using the pattern of 1001- These new results strengthen our previous arguments against prior hypotheses about structural features of acidic activation domains. On one hand, VP16 seems not to fit the "acid blob or negative noodle" hypothesis (40) , which (stated simplistically) suggests that the activity of such domains is primarily a function of net negative charge (30, 41) . Many of our mutations of VP16 have no effect on net charge, and yet they have dramatic effects on transcriptional activation. Furthermore, increasing the net negative charge by replacing Phe-442 with Asp or Glu had detrimental rather than beneficial effects on VP16 activity. Apparently, having an aromatic or hydrophobic residue at position 442 is of greater importance than is the net charge of the domain. On the other hand, our results are also inconsistent with a model of VP16 as an amphipathic a-helix (32, 42) . We have previously shown that introducing two potentially helix-breaking proline residues at positions 432 and 436 in the predicted helix of truncated VP16 has no effect on transcriptional activation (31) , suggesting that the predicted helix (if it does exist) is not necessary for VP16 function. Here, we show the deleterious effect of replacing Phe-442 with any of a number of residues predicted to maintain an amphipathic a-helix, suggesting further that such a structure is not sufficient for activity. These conclusions from our mutational analysis are reinforced by recent spectroscopic studies of the VP16, GCN4, and GAL4 activation domains (refs. 43-45; S. A. Johnston, personal communication) that found little evidence of helical structure.
Although our mutations in the truncated VP16 activation domain indicate that an aromatic amino acid is strongly preferred at position 442, we do not yet understand the reason for this preference. The two simplest ideas for the role of Phe-442 are either that it is necessary for maintaining the structure of the domain or that it is directly involved in interactions with target proteins in the activation mechanism. This question can be addressed by probing the structure of VP16, using spectroscopic or crystallographic methods, and by exploring the association of VP16 with putative target proteins.
In addition to the analysis of the truncated activation domain, we have begun to examine the role of the extreme carboxyl-terminal or distal subdomain of VP16 (amino acids 457-490). Adding this subdomain onto defective Phe-442 mutants partially restored transcriptional activity (Fig. 4) . Intriguingly, the pattern of acidic and bulky hydrophobic amino acids surrounding Phe-473 in this subdomain strikingly resembles the pattern surrounding Phe-442. Furthermore, a linker insertion mutation at codon 471 reportedly abolished transcriptional activity of VP16 (26) . However, the types of amino acid substitutions that significantly affected the activity of the truncated activation domain had quantitatively different effects upon the distal subdomain. Specifically, Phe-473 (best aligned with Phe-442) was relatively insensitive to mutations, whereas Phe-475 (best aligned with Leu-444) was somewhat more sensitive. These results imply that the pattern of acidic and hydrophobic amino acids, although useful in predicting important residues surrounding Phe-442, does not correctly describe key residues of the distal subdomain. On the other hand, although secondary structure prediction algorithms suggest that residues 468-478 might fold into an amphipathic a-helix, our mutational analysis 886 Biochemistry: Regier et al. Proc . Natl. Acad. Sci. USA 90 (1993) 887 argues against this notion. First, a proline substitution for Phe473 had little effect on the apparent activity of the distal subdomain. Second, the replacement of Phe-475 with Ala should be compatible with an amphipathic helix, and yet it had the greatest effect on the activity of this subdomain. We conclude that the proximal and distal subdomains both contribute to the overall activity of VP16, but the structural features necessary for the function of the two subdomains must differ considerably.
A number of potential mechanisms for transcriptional activation are now being investigated. The mechanism may involve a direct interaction of activators with basal transcription factors. For example, both TFIID (the TATA-binding protein; refs. 46 and 47) and TFIIB (48) reportedly can bind to the activation domain of VP16 and, less efficiently, to the proximal subdomain itself. Alternatively or perhaps additionally, activators such as VP16 might operate through adaptor proteins (also termed coactivators or mediators), as suggested by both biochemical and genetic experiments (49) (50) (51) (52) .
Although its activity is less than that of the full-length activation domain, the proximal subdomain ofVP16 is clearly sufficient to activate transcription independent of the distal subdomain, perhaps by virtue of interactions with basal factors. The role of the distal subdomain, however, remains ambiguous. Its presence may support or stabilize the proximal subdomain and therefore compensate for mutations of Phe442 that would otherwise disable the proximal subdomain. Alternatively, the distal subdomain may have an independent ability to activate transcription; the ability of the full-length but not the truncated protein to interact with a putative adaptor protein (49) supports this contention. In contrast, however, deletion of the proximal subdomain (codons 413-443) abolished the activity of the one mutant tested (24) . Additional deletion mutants should permit testing this hypothesis more thoroughly.
